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Abstract: The purpose of the current study is to clarify the epigenetic function of long non-coding RNA (lncRNA) H19 
in lung cancer as well as the relevant regulatory mechanism. We first determined H19 upregulation in A549 cells. 
DNA damage model was established in A549 cells by exposure to X-ray and then ionizing radiation (IR). The degree 
of DNA damage in the IR cell model was assessed by Comet assay. Gain- and loss-of-function assays were employed 
to clarify the roles of H19 and miR-675 in DNA damage of A549 cells. The results demonstrated that H19 knock-
down inhibited the response of lung cancer cells to IR-induced DNA damage but promoted the damage repair. H19 
could interact with miR-675, whereby aggravating IR-induced DNA damage. Furthermore, p62 was identified to be a 
downstream gene positively regulated by miR-675 while APEX1 was a target gene negatively regulated by miR-625-
5p. Meanwhile, silencing of H19 could inhibit APEX1 expression by upregulating miR-625-5p, thereby accelerating 
DNA damage repair in A549 cells. In conclusion, H19 could function as a modulator of DNA damage response in 
lung cancer cells.

Keywords: Lung cancer, DNA damage response, epigenetic regulation, long non-coding RNA H19, microRNA-675, 
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Introduction

Lung cancer is a common malignancy with high 
incidence globally [1]. It is reported that approx-
imately 1.8 million cases are diagnosed as lung 
cancer annually while 1.6 million cases are 
related to cancer death [2]. Nevertheless, near-
ly 70% of lung cancer patients are unable to 
receive surgeries due to the metastatic prop-
erty of lung cancer [3]. Therefore, in-depth 
understanding of molecular mechanism under-
lying cancer progression may be conductive to 
the development of therapeutic targets for lung 
cancer. Recently, DNA damage response has 
been investigated extensively since it functions 
as a maintainer of genomic integrity, which is 
crucial for cell viability [4]. Previous literature 
has documented that DNA damage is a factor 
influencing progression of lung cancer, which is 
closely associated with intrinsic DNA damage 

response machinery [5]. However, the relevant 
studies on the specific mechanism of DNA dam-
age in lung cancer are limited. Molecular altera-
tions including epigenetic aberrations mediate 
lung cancer development, which are implicated 
in DNA damage repair [6]. Moreover, epigenetic 
modifications are critical in regulating DNA 
methylation and non-coding RNAs (ncRNAs) 
interventions [7]. A deeper insight into the epi-
genetic regulation mechanism of lung cancer 
may contribute to identification of new targets 
for lung cancer therapy.

Long non-coding RNAs (lncRNAs) are RNA tran-
scripts longer than 200 nucleotides, which are 
associated with the tumorigenesis of lung can-
cer [8]. H19 is considered as an oncogenic 
lncRNA which is commonly highly expressed in 
cancers [9]. Prior work has demonstrated the 
involvement of H19 in non-small cell lung can-
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cer (NSCLC) [10]. It has been suggested in pre-
vious studies that c-Myc enhances the activity 
of H19 promoter [11], and that FOXF2 binds to 
the H19 promoter [12], resulting in upregula-
tion of H19 in lung cancer. A prior study has pro-
posed the function of H19 in erlotinib resis-
tance of NSCLC [13]. However, the downstream 
how H19 affects response of lung cancer cells 
to DNA damage is rarely reported. Furthermore, 
H19 has been declared to regulate microRNA 
(miR)-675 in NSCLC [14]. miR-675 could accel-
erate NSCLC progression [15]. Moreover, miR-
625-5p is also regulated by specific lncRNA 
LINC00958 in lung cancer, with the involve-
ment in biological function of lung adenocarci-
noma cells [16]. Based on the above-mentioned 
references, we aimed to explore the roles of 
H19 and miR-675/miR-625-5p in regulation of 
DNA damage response in lung cancer and cor-
responding downstream mechanism.

Materials and methods

Cell treatment

Human lung cell line BEAS-2B cells (Cell Bank 
of China Typical Culture Preservation Center; 
resource number: 3142C0001000000828) 
were cultured in high-glucose Dulbecco’s  
modified eagle medium (DMEM with 214.5 g/
Liter glucose) supplemented with 10% fe- 
tal bovine serum (FBS). Lung cancer A549  
cells (Cell Resource Center of Institute of  
Basic Medical Sciences, Chinese Academy  
of Medical Sciences; resource number: 
3142C0001000000062) were cultured in 
McCoy’s 5A Media (Modified with Tricine) con-
taining 10% FBS and incubated in 5% CO2 at 
37°C. DNA damage model was established 
when A549 cells were irradiated with 5 Gy of 
X-ray for 12 h, and then incubated for 8 h.

Cell transfection

The small interfering RNA (siRNA) of H19 was 
synthesized by Gene Tech (Shanghai, China) 
with sequences listed in Supplementary Table 
1. Briefly, 1.2 × 107 cells were placed in a 15 
cm dish for 24 h, and then transfected with the 
green fluorescent protein (GFP)-labeled miR-
675 mimic, miR-675 inhibitor, and their corre-
sponding negative controls (NCs) (RiboBio, 
Guangzhou, China) using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Waltham, 
MA) for 24 h. RNA/protein was extracted from 

these cells to conduct further functional 
assays.

Dual-luciferase reporter gene assay

Binding sites between H19 and miR-675 we- 
re predicted by the bioinformatics website 
RNAInter (http://www.rna-society.org/rnaint-
er/), while those between H19 and miR-625-5p 
by the Starbase website (http://starbase.sysu.
edu.cn/). Targetscan website (http://www.tar-
getscan.org/cgi-bin/targetscan/) was employ- 
ed to obtain the binding sites of miR-625-5p 
and APEX1. The wild-type (WT) sequence con-
taining the binding site of H19 was synthesized, 
based on which the mutation (MUT) sequence 
was constructed. Next, the WT or MUT of H19-
binding miR-675 (or miR-625-5p) was cloned 
intopGL3 Basic vector (Promega, Madison, WI, 
USA). Then miR-675/miR-625-5p mimic was 
co-transfected with pGL3-WT-H19 or pGL3-
MUT-H19 into HEK-293T cells. The promoter 
sequence on p62 was mutated, and WT or  
MUT p62-binding miR-675 was also cloned into 
pGL3 Basic vector. miR-675 was co-trans- 
fected with pGL3-WT-p62 or pGL3-MUT-p62. 
Similarly, APEX13’ untranslated region (UTR) 
sequence was mutated, and WT or MUT APEX-
binding miR-625-5p was cloned into pGL3 
Basic vector. Luciferase activity was detected 
using a dual luciferase reporter assay system 
(Promega).

RNA binding protein immunoprecipitation (RIP)

A549 cells were fixed with 1% formaldehyde for 
10 min and centrifuged at 1,500 × g and 4°C (5 
min). Cell precipitates were lysed in NP-40 lysis 
buffer. Then, the supernatant was incubated 
with beads bound to AGO2 antibody (ab186733, 
1:30; Abcam, Cambridge, UK) or NC immuno-
globulin G (IgG) (ab205718, 1:50; Abcam). The 
beads were cultured with 10 mg/mL protei- 
nase K (Sigma-Aldrich, St. Louis, MO, USA), and 
the total RNA was extracted from the obtained 
immunoprecipitants for reverse transcription-
quantitative polymerase chain reaction (RT- 
qPCR).

RT-qPCR

Total RNA was obtained using RNAiso Plus 
technique (TaKaRaBio Technology, Dalian, 
China). For mRNA detection, 2 μg of total RNA 
was transcribed into cDNA using AMV reverse 
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transcriptase (Promega). miRNAs were detect-
ed using 2 μg of total RNA, miRNAs-specific 
stem-loop RT primers and MMLV reverse tran-
scriptase (Promega). Reaction system was  
prepared by Fast SYBR Green PCR kit (App- 
lied Biosystems, Grand Island, NY, USA), and 
RT-qPCR was conducted under an ABI 7900 
real-time PCR detection system (Applied 
Biosystems). Glyceraldehyde-3-phosphate de- 
hydrogenase (GAPDH) served as the internal 
reference for H19 and p62, while miR-675 and 
miR-625-5p were normalized to U6. Relative 
gene expression was analyzed by 2-ΔΔCt meth-
od. All primers are shown in Supplementary 
Table 2.

Western blot analysis

Cell lysates were prepared using RIPA buffer 
containing protease inhibitors (Sigma-Aldrich). 
Protein concentration in cell lysate was detect-
ed using a bicinchoninic acid (BCA) kit 
(Beyotime, Shanghai, China). An equal amount 
of protein samples was separated by 10% sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvi-
nylidene fluoride membrane (EMD-Millipore, 
New Jersey, USA). Being blocked by TBST buffer 
containing 5% skimmed milk powder for 2 h  
at ambient temperature, membranes were 
probed with primary antibodies (Abcam) in- 
cluding p62 (ab155686, 1:500), Caspase-3 
(ab13847, 1:500), c-Caspase-3 (ab49822, 
1:500), Chk1 (ab40866, 1:10000), phosphory-
lated-Chk1 (ab79758, 1:1000), APEX1 (ab- 
183039, 1:200), and GAPDH (ab181602, 
1:10000) overnight at 4°C. Secondary anti- 
body horseradish peroxide (HRP)-labeled IgG 
(ab205718, 1:2000) was then added to the 
membrane for immune-staining at ambient 
temperature (1 h). Proteins were visualized by 
enhanced chemiluminescence detection sys-
tem with Immobilon-Western chemilumines-
cent HRP substrate (EMD-Millipore).

Comet assay

DNA damage induced by ionizing radiation (IR) 
was evaluated by conducting Comet assay (also 
known as single cell gel electrophoresis) with 
reference to the instructions (Cell Biolabs Inc., 
San Diego, CA). Cells were trypsinized. Then, 
the OxiSelect comet slide was covered with a 
mixture of comet agarose and cells. After being 
lysed, the slides were electrophoresed at 1 V/

cm and 4°C for 30 min, stained with Vista green 
DNA staining solution, and observed by fluores-
cence microscopy. The percentage of DNA 
migration in the tail (% of tail DNA), tail moment 
and tail length were analyzed by comet analysis 
software V4.3 (Perceptive Instruments, Suffolk, 
UK).

Flow cytometry

Cells transfected for 24 h were seeded in 6-well 
culture plates (5 × 105 cells/well). Then cells 
were trypsinized, resuspended with pre-cooled 
70% ethanol, and fixed at -20°C. The next day, 
cells were centrifuged and resuspended in 100 
μL binding buffer. Double staining of Annexin 
V-fluorescein isothiocyanate (FITC; 0.1 μg) and 
propidium iodide (PI, 10 μL, 50 μg/mL) was per-
formed as per the manufacturer’s protocols 
(BD Biosciences, CA, USA). Apoptosis was con-
ducted using FACSCalibur flow cytometer (BD 
Biosciences) and CellQuest software within 1 h.

Immunofluorescence

Cells were seeded in immunofluorescent cell 
culture dishes. When cell confluency reached 
approximately 80%, cells were fixed with form-
aldehyde, treated with Triton X-100 and blocked 
with PBS containing 5% bovine serum albumin 
(BSA) for 1 h. Cells were then immune-stain- 
ed with anti-histone H2AX phosphorylated 
(γ-H2AX) antibody (ab195189, 1:200; Abcam) 
overnight at 4°C. Next, cells were added with 
Alexa Fluor 647-labeled secondary antibody 
IgG (ab150075, 1:200; Abcam) for 1 h at ambi-
ent temperature. Immunofluorescence was 
performed using a laser scanning confocal 
microscope (Olympus Optical, Tokyo, Japan). At 
least 50 cells were evaluated for each sample 
and the number of positive cells was counted.

Co-immunoprecipitation (IP)

Cells were lysed with 1 mL whole-cell extraction 
buffer A (50 mM; pH = 7.6 Tris-HCl, 150 mM 
NaCl; 1% NP40; 0.1 mM EDTA; 1.0 mM DTT; 0.2 
mM PMSF; 0.1 mM Pepstatine; 0.1 mM 
Leupeptine, and 0.1 mM Aproine). Protein con-
centration was determined by BCA method. 
Part of lysate served as Input, while the same 
amount of total protein was removed from  
the remaining lysate. Each sample was added 
with 2 μg antibodies against hMSH6 (ab- 
208940, 1:40), CREB (ab32525, 1:80), and IgG 
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(ab205718, 1:50) and quantitative Protein 
A&G, which was incubated at 4°C in vortex. The 
next day, the precipitate was collected by cen-
trifugation, washed five times with detergent 
(50 mM pH 7.6 Tris Cl, 150 mM NaCl; 0.1% 
NP-40; and 1 mM EDTA) with 10 min each time, 
and then resuspended in 60 μL 2 × SDS-PAGE 
sample loading buffer, followed by Western blot 
analysis.

Chromatin IP (ChIP)

Cells were cross-linked with 1% (v/v) formalde-
hyde (Sigma-Aldrich) (10 min) at ambient tem-
perature, treated with 125 mm glycine (5 min), 
resuspended in lysis buffer, and then placed  
in an ultrasonic shaker for 8-10 min to pro- 
duce DNA fragments with an average size of 
about 500 bp. Chromatin extract was diluted 5 
times, and incubated with equal amounts of 
Protein A&G and antibody overnight at 4°C. The 
antibodies to CREB (ab32525, 1:80), P300 
(a14984, 1:50), and IgG (ab205718, 1:50) as 
NC were used in this experiment.

Statistical analysis

All data were analyzed using SPSS 21.0 statisti-
cal software (IBM Corp., Armonk, NY, USA), and 
the measurement data were summarized by 
mean ± standard deviation, with P < 0.05 as a 
level of statistically significance. Independent 
sample t-test was used for comparison between 
two groups, whereas one-way analysis of vari-
ance (ANOVA) was used for comparisons among 
multiple groups with Tukey’s post-test used.

Results

H19 knockdown suppress DNA damage in-
duced by IR

As shown in Figure 1A, RT-qPCR demonstrated 
elevated H19 expression in A549 cells relative 
to BEAS-2B cells. To clarify the role of H19 on 
DNA damage, we induced cellular DNA damage 
models using IR-treated A549 cell line. The 
degree of DNA damage was assessed by Comet 
assay (Figure 1B). Compared with the untreat-
ed cells, tail DNA, tail length, and tail moment 
were strikingly enhanced in the IR-induced 
A549 cells, indicating the successful establish-
ment of IR cell model.

Then, interference efficiency of siRNAs against 
H19 in IR lung cancer cells was validated by 

RT-qPCR (Figure 1C). Results displayed that the 
si-H19-3 with the lowest expression of H19 was 
chosen for further experiment. Next, IR-induced 
cell death was detected by flow cytometry in 
cells after silencing or overexpressing H19, 
results of which revealed distinctly reduced 
apoptosis rate in the si-H19-treated cells 
(Figure 1D). Moreover, levels of Caspase-3, 
c-Caspase-3, and DNA damage response pro-
teins Chk1 and phosphorylated-Chk1 were 
detected by Western blot analysis (Figure 1E). 
Treatment of si-H19 led to reduced levels of 
c-Caspase-3 and phosphorylated-Chk1. As 
immunofluorescence results revealed, level of 
DNA damage marker γ-H2AX was decreased  
by si-H19 (Figure 1F). As reflected by Co-IP 
results (Figure 1G), downregulation of H19 pro-
moted the interaction between hMSH6 and 
H3K36me3, as well as that between hMSH6 
and SKP2 in the damage repair protein 
complex.

H19 interacts with miR-675

Interacted regulators of H19 were predicted by 
the bioinformatics website RNAInter (Figure 
2A). It was shown that the interaction score 
between miR-675 and H19 was the highest 
(Score = 1). The binding sites between H19 and 
miR-675 were obtained by RNAInter (Figure 
2B). Moreover, the binding relationship between 
H19 and miR-675 was verified using RIP assay, 
the results of which showed that both H19 and 
miR-675 recruited by Ago2 were markedly 
increased (Figure 2C). Dual-luciferase reporter 
gene assay further confirmed that luminescent 
signal was elevated when miR-675 mimic was 
co-transfected with H19-WT (Figure 2D). In 
addition, RT-qPCR results displayed that miR-
675 expression was suppressed by si-H19, 
while overexpressed H19 induced miR-675 
expression (Figure 2E).

Downregulated miR-675 facilitates DNA dam-
age repair of lung cancer cells

RT-qPCR revealed that compared with BEAS-2B 
cells, miR-675 expression was upregulated in 
A549 cells (Figure 3A). Subsequently, miR-675 
was downregulated in IR-induced lung cancer 
cells using miR-675 inhibitor (Figure 3B). The 
results of flow cytometry showed that the apop-
tosis rate reduced after miR-675 was downreg-
ulated by miR-675 inhibitor (Figure 3C). In addi-
tion, Western blot analysis results revealed 
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Figure 1. H19 knockdown reduces DNA damage and promotes damage repair in lung cancer cells. A. Expression of 
H19 in BEAS-2B cells and A549 cells determined using RT-qPCR. B. Degree of DNA damage in IR cell model evalu-
ated using Comet assay. C. Silencing efficiency of si-H19-1, si-H19-2, and si-H19-3 in IR-exposed lung cancer cells 
determined using RT-qPCR. D. Apoptosis rate of IR-exposed lung cancer cells after silencing H19 analyzed using 
flow cytometry. E. Levels of c-Caspase-3/Caspase-3 and phosphorylated-Chk1/Chk1 detected using Western blot 
analysis. F. Immunofluorescence results of the level of the DNA damage marker γ-H2AX in IR-exposed lung cancer 
cells after silencing of H19 (200 ×). G. Co-IP results of the interaction between hMSH6 and H3K36me3, hMSH6 
and SKP2 in IR-exposed lung cancer cells silencing H19. &P < 0.05 compared with BEAS-2B group or control group 
or si-NC group. A, B, and E. Comparisons are made using independent sample t test. C. Comparison is performed 
using one-way ANOVA. Cellular experiment is repeated three times.

Figure 2. H19 specifically binds to miR-675. A. Interacted regulatory factors of H19 predicted by RNAInter website 
(http://www.rna-society.org/rnainter/). B. Binding sites between H19 and miR-675 predicted by RNAInter website. 
C. Binding relationship between H19 and miR-675 verified using RIP assay. D. Binding sites between H19 and miR-
675 predicted by dual-luciferase reporter gene assay. E. Expression of miR-675 in A549 cells overexpressing or 
silencing H19 determined using RT-qPCR. &P < 0.05 compared with IgG group, mimic NC, si-NC or oe-NC. Compari-
sons are made using independent sample t test. Cellular experiment is repeated three times.

silenced miR-675 decreased the protein 
expression of c-Caspase-3 and phosphorylat-
ed-Chk1 (Figure 3D). Immunofluorescence 
results displayed reduced γ-H2AX level after 
miR-675 inhibition (Figure 3E). Co-IP results 
presented that miR-675 inhibitor promoted the 
interaction between hMSH6 and H3K36me3, 

as well as between hMSH6 and SKP2 (Figure 
3F).

Silenced miR-675 suppresses p62 expression

Next, we screened the downstream regulators 
of miR-675. There were 4930 target genes of 
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Figure 3. Downregulation of miR-675 promotes DNA damage repair. A. Expression of miR-675 in BEAS-2B and A549 cells determined using RT-qPCR. B. Expression 
of miR-675 in IR-exposed lung cancer cells determined using RT-qPCR. C. Apoptosis of IR-exposed lung cancer cells after silencing of miR-675 evaluated using flow 
cytometry. D. Protein expression of Caspase-3, c-Caspase-3, Chk1, and phosphorylated-Chk1 determined by Western blot analysis after silencing of miR-675. E. DNA 
damage marker expression detected using immunofluorescence (200 ×). F. Interaction between hMSH6 and H3K36me3, or hMSH6 and SKP2 assessed by Co-IP 
after silencing of miR-675. &P < 0.05 compared with BEAS-2B cells or inhibitor NC. Comparisons are made using independent sample t test. Cellular experiment 
is repeated three times.
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miR-675 predicted by the bioinformatics web-
site miWalk, and 851 lung cancer-related genes 
as the GeneCards database shown. A total of 
214 genes were obtained from the intersection 
(Figure 4A). The protein-protein interaction 
(PPI) network among 214 genes was obtained 
using the Coexpedia website (Figure 4B), of 
which 48 genes were co-expressed (Score > 
50). Moreover, the heat map of 48 candidate 
gene expression was shown in TCGA database 
of lung cancer through UALCAN (Figure 4C), 
among which SQSTM1 (p62) was expressed at 
a high level in lung cancer samples (Figure 4D). 
Consistently, RT-qPCR revealed that p62 
expression was higher in A549 cells than that 
in BEAS-2B cells (Figure 4E). We further investi-
gated the regulation of p62 expression by miR-
675 in lung cancer cells. RT-qPCR and Western 
blot results revealed that p62 level was sup-
pressed by miR-675 inhibitor (Figure 4F, 4G).

H19 exerts regulatory effects on DNA damage 
of lung cancer cells through miR-675/p62

Furthermore, we explored the effects of regula-
tory relationships among H19, miR-675, and 
p62 on response of lung cancer cells to DNA 
damage. RT-qPCR results showed that miR-675 
and p62 were downregulated after H19 was 
knocked down by si-H19. However, p62 was 
increased when miR-675 was overexpressed in 
the H19-deficient cells (Figure 5A). Similarly, 
flow cytometric results showed that the apopto-
sis rate was restrained by si-H19, while the 
inhibitory effect of si-H19 on apoptosis was 
attenuated by miR-675 mimic (Figure 5B). 
Western blot results revealed that silenced 
H19 resulted in decreased levels of c-Cas-
pase-3 and phosphorylated-Chk1, while over-
expression of miR-675 reversed the effect of 
silenced H19 on the protein levels of c-Cas-
pase-3 and phosphorylated-Chk1 (Figure 5C). 
Immunofluorescence results unraveled that 
silencing of H19 reduced the expression of 
γ-H2AX, yet gain-of-function of miR-675 abro-
gated the inhibitory effect of silencing H19 on 
γ-H2AX level (Figure 5D). Co-IP assay further 
showed that miR-675 mimic counteracted the 
promotion effect of si-H19 on the interactions 
between hMSH6 and H3K36me3 and between 
hMSH6 and SKP2 (Figure 5E).

H19 upregulates APEX1 by suppressing miR-
625-5p expression

The binding sites between H19 and miR-625-
5p were predicted by Starbase website (Figure 

6A). In addition, we also found that miR-625-5p 
could bind to APEX1 through TargetScan data-
base (Figure 6B). Therefore, we explored 
whether H19 could regulate the downstream 
miR-625-5p/APEX1 pathway to regulate the 
response of lung cancer cells to DNA damage. 
RT-qPCR showed that miR-625-5p was signifi-
cantly underexpressed in A549 cells, while 
APEX1 was prominently upregulated (Figure 
6C). Dual luciferase assay verified the binding 
of miR-625-5p to H19, and that of miR-625-5p 
to APEX1 (Figure 6D). It was found that the 
luminescent signal was weakened in the co-
transfection of miR-625-5p mimic with H19-WT 
or with APEX1-WT. It was further shown by RIP 
assay that H19, miR-625-5p, and APEX1 
recruited by Ago2 were increased. After silenc-
ing of H19, there were less H19 and more 
APEX1 recruited by Ago2 compared with IgG 
(Figure 6E). Western blot results displayed that 
silenced H19 upregulated miR-625-5p, while 
downregulated APEX1. However, downregula-
tion of miR-625-5p significantly reversed the 
reduced APEX1 expressed induced by silenced 
H19 (Figure 6F).

H19 participates in the response to DNA dam-
age of lung cancer cells via APEX1

Last, we explored the mechanism of H19/
APEX1 in the response of lung cancer cells to 
DNA damage. RT-qPCR showed that miR-625-
5p expression was enhanced but H19 and 
APEX1 were downregulated after si-H19 treat-
ment, whereas expression of APEX1 distinctly 
increased upon additional treatment with oe-
APEX1 (Figure 7A). Flow cytometry revealed 
that APEX1 overexpression attenuated the 
inhibitory effect of si-H19 on cellular apoptosis 
(Figure 7B). Western blotting further validated 
that silenced H19 reduced protein levels of 
c-Caspase-3 and phosphorylated-Chk1, which 
were rescued upon overexpression of APEX1 
(Figure 7C). Immunofluorescence showed that 
loss of H19 reduced the expression of γ-H2AX, 
while overexpressing APEX1 diminished the 
inhibitory effect of silenced H19 on γ-H2AX 
expression (Figure 7D). Co-IP results indicated 
that oe-APEX1 counteracted the promotion 
effect of si-H19 on the interactions between 
hMSH6 and H3K36me3 and between hMSH6 
and SKP2 (Figure 7E).

Discussion

LncRNAs are demonstrated to be crucial for 
DNA damage response, which mediate various 
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Figure 4. Overexpressed miR-675 promotes p62 expression. A. Intersection of interacted genes predicted by miWalk (http://mirwalk.umm.uni-heidelberg.de/) with 
lung cancer-related genes predicted by GeneCards (https://www.genecards.org/). B. PPI network of 214 genes obtained by Coexpedia (http://www.coexpedia.org/). 
C. Expression of 48 candidate genes in lung cancer shown in TCGA database obtained by UALCAN (http://ualcan.path.uab.edu/). D. Expression of p62 in lung can-
cer obtained from TCGA database. E. p62 expression in BEAS-2B and A549 cells determined using RT-qPCR. F. p62 mRNA expression in A549 cells after silencing of 
miR-675 determined using RT-qPCR. G. p62 protein expression in A549 cells after silencing of miR-675 measured using Western blot analysis. &P < 0.05 compared 
with BEAS-2B cells or inhibitor NC. Comparisons are made using independent sample t test. Cellular experiment is repeated three times.
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Figure 5. H19 regulates response of lung cancer cells to DNA damage through miR-675/p62. A. Expression of H19, miR-675, and p62 in IR-exposed lung cancer 
cells after co-treatment of si-H19 and miR-675 mimic determined using RT-qPCR. B. Apoptosis rate of IR-exposed lung cancer cells after co-treatment of si-H19 
and miR-675 mimic evaluated by flow cytometry. C. Protein levels of c-Caspase-3, Caspase-3, Chk1, and phosphorylated-Chk1 assessed by Western blot analysis 
after co-treatment of si-H19 and miR-675 mimic. D. Expression of γ-H2AX in IR-exposed lung cancer cells treated with si-H19 and miR-675 mimic determined using 
immunofluorescence (200 ×). E. Interactions between hMSH6 and H3K36me3 and between hMSH6 and SKP2 in IR-exposed lung cancer cells treated with si-H19 
and miR-675 mimic determined using Co-IP. &P < 0.05 compared with si-NC + mimic NC. %P < 0.05 compared with si-H19 + mimic NC. Comparison is performed 
using one-way ANOVA. Cellular experiment is repeated three times.
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Figure 6. H19 promotes APEX1 expression by downregulating miR-
625-5p. A. Binding sites between H19 and miR-625-5p predicted by 
starBase website. B. Binding sites between miR-625-5p and APEX1 
predicted by TargetScan database. C. Expression of miR-625-5p, 
APEX1, and H19 in BEAS-2B and A549 cells determined using RT-qP-
CR. D. Binding relationship among H19, miR-625-5p, and APEX1 veri-
fied using dual-luciferase reporter gene assay. E. Interactions among 
H19, miR-625-5p, and APEX1 analyzed using RIP. F. Expression of 
miR-625-5p, APEX1, and H19 in lung cancer cells treated with si-
H19 and miR-625-5p inhibitor determined using RT-qPCR. G. APEX1 
protein expression in lung cancer cells treated with si-H19 and miR-
625-5p inhibitor measured using Western blot analysis. &P < 0.05 
compared with BEAS-2B cells, mimic NC or si-NC + inhibitor NC. %P 
< 0.05 compared with si-H19 + inhibitor NC. C-E. Comparisons are 
conducted using independent sample t test. F and G. Comparisons 
are conducted by one-way ANOVA. Cellular experiment is repeated 
three times.
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cellular processes [17]. But the specific effects 
of lncRNAs on DNA damage response of lung 
cancer cells are still under exploration. It is 
reported that almost 90% of lung cancers are 
NSCLC [18]. Therefore, we mainly used lung 
cancer cell line A549 in the current study to 
establish the IR cell model. Moreover, we iden-
tified H19 as a promoter of DNA damage in lung 
cancer (Figure 8).

In our research, H19 enrichment occurred in 
A549 cells. Similarly, previous work also reports 
that H19 is highly expressed in epithelial ovari-
an cancer, due to epigenetic modification [19]. 
What’s more, H19 is apparently upregulated in 
NSCLC, which exerts a promoting function on 
growth dynamics of lung cancer cells by target-
ing miR-17 [20, 21]. As manifested by the data 
collected from our study, knockdown of H19 

downregulated protein levels of c-Caspase-3, 
phosphorylated-Chk1, and γ-H2AX. Based on 
existing report, Chk1 is a checkpoint for DNA 
damage, which is phosphorylated on Serine 
345 (S345) in response to IR [22]. Moreover, 
phosphorylated-Chk1 is commonly induced by 
DNA damage response [23]. γ-H2AX is a mem-
ber X of H2A histone family, the expression of 
which can be enhanced in IR dose-dependent 
fashion [24]. These studies support our state-
ment that H19 promoted DNA damage induced 
by IR.

Mechanically, we found through bioinformatics 
analysis that H19 targeted miR-675, which fur-
ther upregulated p62 level. It has been report-
ed that certain lncRNAs can encode miRNAs 
and work together to achieve regulatory func-
tions, while miR-675-5p is encoded by H19. 

Figure 7. H19 mediates DNA damage repair through APEX1. A. Expression of H19, miR-675, and p62 in IR-exposed 
lung cancer cells after silencing H19 and overexpressing APEX1 determined using RT-qPCR. B. Apoptosis rate of 
IR-exposed lung cancer cells after silencing H19 and overexpressing APEX1 evaluated by flow cytometry. C. Protein 
levels of c-Caspase-3, Caspase-3, Chk1, and phosphorylated-Chk1 assessed by Western blot analysis after co-
treatment of si-H19 and oe-APEX1. D. Expression of γ-H2AX in IR-exposed lung cancer cells treated with si-H19 and 
oe-APEX1 determined using immunofluorescence (200 ×). E. Interactions between hMSH6 and H3K36me3 and 
between hMSH6 and SKP2 in IR-exposed lung cancer cells treated with si-H19 and oe-APEX1 determined using 
Co-IP. &P < 0.05 compared with si-NC + oe-NC. %P < 0.05 compared with si-H19 + oe-NC. Comparison is performed 
using one-way ANOVA. Cellular experiment is repeated three times.

Figure 8. H19 promotes IR-induced DNA damage of lung cancer cells through promotion of APEX1 expression by 
downregulating miR-625-5p or promotion of p62 expression by upregulating miR-675.
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Moreover, the lncRNA-miRNAs regulatory path-
way (H19-miR-675) regulates mRNA expres-
sion by directly interacting with miRNAs [25]. 
H19/miR-675 gene locus is also reported previ-
ously, which is considered as potential target 
for lung cancer treatment [26]. We further 
found that silenced miR-675 promoted DNA 
damage repair. Consistent with our study, 
researchers have declared that miR-675 con-
tributes to the pathogenesis of lung cancer 
[27]. As Figure 3F shown, loss of miR-675 pro-
moted the interaction among hMSH6, 
H3K36me3, and SKP2. It is revealed previously 
that miR-675 could upregulate polyubiquitin-
binding protein p62 level, which binds to his-
tone H3 and then reduces SETD2-binding 
capacity to substrate histone H3, therefore 
reducing expression of H3K36me3 [28]. 
Likewise, our data also showed that the 
H3K36me3-hMSH6-SKP2 triplex complex was 
decreased by miR-675 targeting p62. 
Accumulation of p62 (also known as SQSTM1) 
is reported to suppress DNA repair [29]. Our 
study also displayed that silenced miR-675 pro-
moted p62 expression to enhance DNA dam-
age repair.

Additionally, we also identified that H19 could 
bind to miR-625-5p in lung cancer. miR-625-5p 
could be regulated by lncRNA to affect the 
expression of CPSF7 in the process of lung can-
cer [16]. Furthermore, in A549 cells, miR-625-
5p is poorly expressed, which is directly target-
ed by lncRNA MIR503HG [30]. Our bioinformat-
ics analysis revealed that H19 increased APEX1 
expression by suppressing miR-625-5p expres-
sion. Expression of APEX1 is demonstrated to 
be correlated with DNA damage repair, which is 
a diagnostic biomarker for hepatocellular can-
cer [31]. Being in line with our study, APEX1 is 
also proven to be highly expressed in NSCLC 
[32]. These works cooperatively support our 
finding that H19 boosts DNA damage response 
in association with miR-625-5p/APEX1 in A549 
cells.

In conclusion, the evidence derived from our 
study showed that H19 promoted DNA damage 
in lung cancer. In contrast, depletion of H19 
suppressed DNA damage and facilitated DNA 
damage repair. Thus, we surmised that silenc-
ing of H19 may be a potential therapeutic tar-
get for lung cancer treatment. However, in vivo 
assay is further required to attest to our 

assumption. Moreover, the correlation of H19 
with clinical relevance has rarely been report-
ed. More detailed functions of H19 in lung can-
cer treatment should be explored in the future.
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Supplementary Table 1. Sequences for siRNAs
siRNAs Sequence
si-H19#1 5’-GCAAGAAGCGGGTCTGTTTCT-3’

si-H19#2 5’-GACAAGCAGGACATGACATGG-3’
si-H19#3 5’-GCACTACCTGACTCAGGAATC-3’
si-NC 5’-TTCTCCGAACGTGTCACGTTT-3’
Note: si/siRNA, short interfering RNA.

Supplementary Table 2. Primer sequences for RT-qPCR
Forward (5’-3’) Reverse (5’-3’)

miR-675 CCCAGGGTCTGGTGCGGAGA CCCAGGGGCTGAGCGGTGAG
miR-625-5p GTAGAGGGATGAGGGGGAA CTCTACAGCTATATTGCCAGCCA
U6 GCTTCGGCAGCACATATACT GGAACGCTTCACGAATTTGC
H19 ATCGGTGCCTCAGCGTTCGG CTGTCCTCGCCGTCACACCG
p62 GCAGTATCCCAAGTTCAATT TGGGAACAGGTGGTGGAGGA
APEX1 TGAAGCCTTTCGCAAGTTCCT TGAGGTCTCCACACAGCACAA
GAPDH GCACCGTCAAGGCTGAGAAC ATGGTGGTGAAGACGCCAGT
Note: RT-qPCR, reverse transcription-quantitative polymerase chain reaction.


